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In early December 2019, a novel coronavirus emerged in Wuhan City (Hubei Province, China). It subsequently spread throughout the country and eventually through the world. The virus, called severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), can easily reach the lower respiratory tract, causing a bilateral pneumonia (coronavirus infectious disease, COVID-19) characterized by a high mortality rate \[[@CR1]\]. According to the information reported in the World Health Organization website, by May 18, the number of laboratory-confirmed cases of COVID-19 worldwide had climbed to 4,660,870 and 313,403 patients had died. In Italy, on the same day, the number of laboratory-confirmed COVID-19 cases was 226,699; average patient age was 62 years (52.1% men, 47.9% women).

As SARS-CoV-2 infection predominantly affects older people \[[@CR2]\], one of the aspects to be evaluated in the near future is its interaction with bone metabolism/osteoporosis. Osteoporosis, a systemic disease of the skeleton, is characterized by a progressive quantitative and qualitative alteration of the bone mass, which is accompanied by an increase in the risk of fracture even in the absence of trauma \[[@CR3], [@CR4]\]. In Italy, osteoporosis is the third most common chronic disease (after hypertension and osteoarthritis/arthritis) and affects about 3.5 million women and 1 million men \[[@CR5]\]. The annual incidence of femoral fracture has been estimated at 87,000 cases, whereas the overall prevalence of vertebral fractures has been estimated at 155,000 a year. Altogether, 465,000 new fractures occur in Italy every year \[[@CR6]\].

So far, data on bone metabolism in SARS-COV-2 infection are very scanty. Moreover, it is unclear whether the incidence of osteoporosis and the risk of fracture may increase in patients after recovery from the infection, due to the interaction of their risk factors (e.g., old age, smoking habits, long-term bed confinement, hypovitaminosis D, and steroid treatment) with the COVID-19 inflammatory process, even though according to a recent report fracture patients may be at higher risk of COVID-19 \[[@CR7]\].

Immunology Considerations {#Sec2}
=========================

According to the U.S. Center for Disease Control (CDC) guidelines revised on June 20, 2020, the signs and symptoms of COVID-19 present at illness onset vary but include the following: fever or chills, cough, shortness of breath or difficulty breathing, fatigue, muscle or body aches, headache, new loss of taste or smell, sore throat, congestion or runny nose, nausea and vomiting, diarrhea, and acute respiratory distress syndrome \[[@CR8]\]. According to China's National Health Commission Guidelines for diagnosis and management of COVID-19, severe cases of COVID-19 have been defined by percutaneous oxygen saturation (spO~2~) ≤ 93% or respiratory rates ≥ 30/min \[[@CR9]\].

Zhang et al. \[[@CR10]\] have found that disease severity correlates directly with blood leukocyte and neutrophil count, neutrophil percentage. In contrast, other researchers have described leukopenia, rather than leukocytosis, as a common finding in patients with severe COVID-19 disease \[[@CR11]--[@CR13]\]. The markedly higher serum concentrations of pro- and antiinflammatory cytokines, including IL-6, TNF-α, and IL-10, characterizing severe compared with moderate cases, suggest that disease severity could be associated to a "cytokine storm" \[[@CR14]\].

In agreement with this hypothesis, T lymphocytes are considered as the main target cells in SARS due to COVID-19, triggering the cytokine storm with subsequent exhaustion of the immune response. Interestingly, no association between viral load and disease severity has been reported \[[@CR15]\]. A large study of 522 patients with laboratory-confirmed COVID-19 has highlighted a dramatic reduction of total T cells, CD4+, and CD8+ T cells, especially among patients requiring intensive care unit care, suggesting that cytokine hypersecretion during COVID-19 infection does not originate from T cells but from monocytes and macrophages \[[@CR16]\], which are also osteoclast precursors. However, irrespective of the cytokine source, it is now established that the immune system amplifies and maintains the cytokine storm triggered by contact with SARS-CoV-2.

Given the potential role of cortisone in modulating the inflammatory response, the use of steroid therapy to stop the cytokine cascade has been studied. Although initial data suggested using these drugs with great caution because of the possible risk of worsening lung injury from COVID-19 \[[@CR17]\], recent preliminary data results from the RECOVERY trial has shown that low dose dexamethasone (6 mg once daily) can reduce by 8--26% mortality in patients with severe COVD-19 \[[@CR18]\]. By the way, it is logical to expect a negative effect of this treatment on bone health, given that both single boluses of high-dose cortisone and prolonged treatments with low-dose steroids can suppress both bone formation and reabsorption, with a net loss of bone mineral mass \[[@CR19]\].

It is conceivable that bone complications related to infection or treatment will emerge in the next few months as they did after the SARS outbreak of 2002--2003. At the time, reports of arthralgia, reduced mineral bone density (BMD), and osteonecrosis of femurs and tibiae could only partially be explained by high-dose steroid treatment. A subsequent in vitro study showed that a specific SARS-CoV protein, 3a/X1, directly promotes osteoclastogenesis, accelerating osteoclast differentiation from monocyte/macrophage precursors, enhancing the expression of receptor activator of NF-kB ligand (RANKL) and inflammatory cytokines such as TNF-α, which indirectly promote osteoclastogenesis \[[@CR20]\].

Vitamin D Deficiency {#Sec3}
====================

From an epidemiological point of view, it is interesting to note that mortality from COVID-19 between different countries shows a latitude-dependent variability which largely overlaps the prevalence of hypovitaminosis D in the world \[[@CR21]\].

In subjects suffering from hypovitaminosis D, observational studies have shown a higher prevalence of cardiovascular complications (e.g., myocardial infarction or ischemic stroke) \[[@CR22]\]; low vitamin D levels are present in many endocrine diseases as hyperaldosteronism \[[@CR23]\]; but there are also numerous evidences to support a direct role of vitamin D in modulating the immune response. Epidemiologic studies have shown that vitamin D insufficiency is associated with respiratory infections in children, newborns, pregnant women, and adults \[[@CR24]\].

During microbial infection, macrophages are activated into M1 and M2 macrophages. M1 macrophages produce proinflammatory mediators (e.g., IL-6 and TNF-α) whereas M2 macrophages produce the antiinflammatory molecule IL-10. In vitro, calcitriol stimulates the differentiation from monocytes to macrophages and, at the same time, decreases the production of proinflammatory factors by activated macrophages. Moreover, calcitriol directly regulates the expression of several antimicrobial peptides by innate immune cells (e.g., CAMP and β-defensins) \[[@CR25]\]. Taken together, these data suggest that vitamin D may enhance the initial response to infection by increasing the efficiency of the innate response, subsequently protecting the organism from excessive cytokine activation. Regarding COVID-19, the interaction of the SARS-CoV-2 spike glycoprotein with the human dipeptidyl peptidase-4 receptor (DPP-4/CD26) could be an important virulence factor. DPP-4/CD26 receptor expression can be reduced in vivo by correction of hypovitaminosis D, further suggesting that optimization of vitamin D status could improve the outcome COVID-19 patients \[[@CR26]\]. Unfortunately, most of the immunomodulatory effects of vitamin D become evident only when serum concentrations of 25(OH)D reach 40--80 ng/ml, which can be obtained, in vivo, thanks to the local hydroxylation of vitamin D by cells of the immune system (macrophages, lymphocytes, and dendritic cells) \[[@CR25]\].

At present, large population studies are needed to be able to draw definitive conclusions on the relationship between hypovitaminosis D and susceptibility to COVD-19 infection. On this purpose, a recent, large, epidemiological study was conducted on over 500,000 participants aged 37--73 years from the UK to establish the association between ethnicity, vitamin D levels and susceptibility to COVID-19 infection. Authors have initially suggested an association between COVID-19 infection and vitamin D, since they demonstrated a higher risk of confirmed COVD-19 infection in ethnic minority groups with lower 25(OH)D concentration, but this result was not confirmed after adjustment for confounders, and further evidence is still needed \[[@CR27]\].

Gender Considerations {#Sec4}
=====================

Most reports indicate that males are more susceptible to SARS-CoV-2 infection than females, and that older men with underlying comorbidities are more likely to develop severe COVID-19 disease 9--11. As in the case of the SARS-CoV outbreak of 2002--2003, gender seems to be a risk factor for higher severity and mortality in patients with COVID-19 independently of age and susceptibility \[[@CR28]\].

Even though the influence of a different exposure to risk factors (e.g., smoking habits or alcohol intake) cannot be totally ruled out, it is possible that this difference is related to gender-specific genetic and hormonal factors. In fact, data from epidemiological studies have revealed higher mortality rates from various infectious diseases in men than in females, whereas women are more susceptible to autoimmune diseases.

The biological basis for this discrepancy lies partially in their different innate immune response: the activity of innate immune cells (i.e., monocytes, macrophages and denditric cells) is modulated by sexual hormones (e.g., estrogen reduces IL-6 expression and delays the spontaneous apoptosis of neutrophils, whereas the testosterone has immunosuppressive effects, dampening lymphocyte proliferation), and the X chromosome encodes many innate immune molecules \[[@CR29]\]. As for COVID-19, previous studies of surgical series have shown that the male gender is an independent risk factor for the development of major infections and for septic shock \[[@CR30]\]. In animal models, after experimentally induced injury, females show lower levels of IL-6 and IL-10 and enhanced survival, suggesting that an unbalanced production of proinflammatory mediators could explain the unfavorable outcomes of males \[[@CR29]\]. Interestingly, as noted above, estrogen reduces the expression of IL-6, which is one of the main targets of COVID-19 treatment. As will be explained later in the text, IL-6 represents an important cofactor for bone resorption in inflammatory diseases; therefore, during SARS-CoV-2 infection, men, though less affected by osteoporosis, may experience more bone metabolism alterations than women for higher levels of IL-6 resulting from the lack of suppression by estrogen.

Osteoimmunology {#Sec5}
===============

The interaction between inflammatory molecules and the bone system is defined as "osteoimmunology" \[[@CR31]\]. In this context, receptor activator of NF-kB (RANK) and RANKL, though initially identified as mediators of T cell activation, were subsequently found to play a pivotal role in osteoclastogenesis in physiological and pathological conditions.

RANKL is a transmembrane protein mainly expressed by osteoblasts, periosteal cells, and osteocytes, whereas its receptor, RANK, is expressed by osteoclasts and preosteoclasts. After binding to RANK, RANKL stimulates the formation and activity of osteoclasts, which are responsible for bone resorption. However, osteoblasts produce an additional soluble protein, osteoprotegerin (OPG), which acts as a "decoy receptor", preventing the binding of RANKL to RANK and, consequently, osteoclast activation. Under physiological conditions, the ratio of RANKL to OPG is balanced, and bone resorption is counterbalanced by bone deposition. Aging, estrogen deficiency, and systemic glucocorticoid exposure can alter this ratio in favor of RANKL, causing a progressive reduction of BMD that may result in the clinical condition of osteoporosis \[[@CR32]\]. The RANK-RANKL system has been extensively studied in the context of osteoporosis related to chronic inflammatory disease. In fact, rheumatic diseases such as rheumatoid arthritis (RA) and ankylosing spondylitis are frequently associated with bone loss, both localized and systemic, and are characterized by an increased risk of osteoporotic fractures in all age groups \[[@CR33]\] (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The RANK-RANKL-OPG system. Bone metabolism is the result of the balance between bone resorption by osteoclasts and bone formation by osteoblasts. RANK is a transmembrane protein expressed by osteoclast precursors that derive from the colony-forming unit for macrophages (CFU-M). The binding of RANKL, expressed by osteoblasts, stimulates the formation and the activity of the osteoclasts, favoring bone resorption. OPG, an additional soluble protein produced by osteoblasts, prevents the binding between RANK and RANKL, counterbalancing bone resorption. Immune cells such as activated T cells and inflammatory cytokines act synergistically promoting the RANK-RANKL pathway. SARS-Cov-2 could have an additive effect promoting the cytokine storm which promotes bone resorption, but a direct effect of the virus on osteoclastic activation cannot be excluded. From a pharmacological point of view, estrogens and tocilizumab can reduce inflammatory cytokine levels (specially IL-6), whereas denosumab directly inhibits the RANK-RANKL interaction and they all represent potential protective agents against bone resorption

In a recent review, De Martinis et al. \[[@CR34]\] have summarized the main mechanism involved in the activation of osteoclastogenesis by inflammatory phenomena. They stressed that infection, trauma, and injuries induce the production of endogenous signaling mediators of inflammatory response named "alarmins". Alarmins are released by mesenchymal cells and act as chemotactic factors and pattern recognition receptors, allowing the innate immune cells to be alerted to tissue damage. By recalling the cells of the immune system, these molecules initiate tissue repair processes but, at the same time, are also responsible for the bone resorption that occurs during acute inflammatory phenomena. Among the most important molecules involved, the authors mention IL-1, receptor for advanced glycation end products (RAGE), and high mobility group box 1 protein (HMGB1) protein (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Proposed mechanism of alarmins. Modified from Fig. [1](#Fig1){ref-type="fig"} in De Martinis et al. \[[@CR22]\]

IL-1 is a proinflammatory cytokine, also known as "osteoclast activating factor", that increases osteoclast vitality and resorptive activity by an independent and RANKL-dependent mechanism. In fact, osteoclasts express on their surface the specific IL-1 receptor (IL1-R), whose expression is further increased by RANKL, which directly promotes their resorptive activity through the same intracellular pathway, RANK-RANKL. Moreover, as in the case of other inflammatory cytokines such as IL-18 and TNF-α, IL-1 upregulates RANKL production by T cells and increases PGE2 synthesis in fibroblasts, with a consequent additional activation of osteoclastogenesis. RAGE is a multiligand receptor belonging to the immunoglobulin receptor superfamily, whose circulating levels correlate with the risk of osteoporosis. Higher levels of RAGE are common in chronic conditions such as diabetes, cancer, cardiovascular disease, and neurodegeneration. RAGE is expressed by mesenchymal cells (osteocytes, osteoblasts, and osteoclasts) and guides their growth and development. It binds endogenous factors, like advanced glycation end products (AGE) and HMGB1 protein, which are released in case of stress or cell death, and activates the downstream signaling pathways (AP-1, NFAT, NF-κB, STAT3, and CREB) involved in osteoclastogenesis, acting synergistically with the RANK-RANKL system. Notably, even reduced levels of RAGE have a negative effect on bone metabolism: it has been suggested that its overexpression in inflammatory conditions could have a role in inflammation resolution and tissue repair, whereas insufficient RAGE expression induces suppression of PPAR-α and its cofactor PGC1-α, leading to a proinflammatory state and to BMD decrease. Finally, HMGB1, a nuclear protein secreted by macrophages after RANKL binding, is required for osteoclast formation and TNF-α expression. It acts as an alarmin in several tissues, and it binds RAGE and toll-like receptors (TLR) of immune cells, amplifying the inflammatory process. At the bone level, HMGB1 increases the expression of RANKL, IL-6, and TNF-α by stromal osteoblastogenic cells of the bone marrow and acts as a chemotactic stimulus for mature osteoclasts \[[@CR28]\]. Moreover, RANKL is directly expressed by CD4+ T cells, which activate osteoclasts and stimulate other RANKL-expressing cells such as monocytes/macrophages, promoting bone catabolism \[[@CR35]\]^.^

Inflammatory molecules are also physiologically produced during aging, in a process called "inflammaging" (inflammation plus aging). Circulating levels of TNF-α, IL-6, and CRP progressively increase with aging and are overexpressed in chronic conditions such as atherosclerosis, diabetes mellitus, and chronic obstructive pulmonary disease. As in the case of rheumatic diseases, elderly subjects with chronic disease show a higher prevalence of osteoporosis. In vitro studies have suggested that IL-1, IL-6, and TNF-α could have a role in reducing BMD in these patients, although the in vivo data are conflicting. The recent OsteoLaus study has found no correlations between circulating inflammatory molecules and bone metabolism parameters in postmenopausal women after exclusion of acute inflammatory conditions \[[@CR36]\].

The discovery of the RANK-RANKL pathway has led to the development of denosumab, a fully human antibody that binds to and inhibits RANKL, thus preventing bone resorption, which has been shown to reduce the risk of vertebral, nonvertebral, and hip fractures in postmenopausal women with osteoporosis \[[@CR37]\]. In patients with RA, denosumab given subcutaneously for 6--12 months inhibited the occurrence and progression of bone erosions \[[@CR38], [@CR39]\], even though this effect raised doubts about a possible immunosuppressive effect.

These considerations suggest that during the current pandemic, denosumab could be the best therapeutic choice to preserve bone from the adverse effect of SARS-CoV-2 infection, correcting the RANK-RANKL system imbalance due to the massive cytokine release and to high-dose steroid treatment.

Currently, the mainstay of COVID-19 pharmacological treatment is represented by antiviral drugs, whose action is directed toward structural elements of the virus, and by immune system modulators such as glucocorticoids and antirheumatic drugs, which dampen the excess of cytokines produced in response to disease \[[@CR40]\]. Interestingly, a side effect of antirheumatic drugs could be bone loss prevention. In RA patients, hydroxychloroquine has been shown to prevent bone resorption (measured by β-CTx levels) after 3 and 6 months of treatment \[[@CR33]\]. Above all, tocilizumab, a monoclonal antibody that binds to IL-6 receptor and which is currently one of the most promising drugs for COVID-19 treatment \[[@CR40]\], has long been approved for use in RA patients, where it reduces bone turnover and improves BMD \[[@CR33]\].

Conclusions {#Sec6}
===========

In conclusion, bone metabolism and inflammation are linked by several biological and clinical mechanisms. In COVID-19 patients, it would be useful to measure the bone metabolism markers (CTX, P1NP, alkaline phosphatase). Targeting the RANK-RANKL system should be a priority, and denosumab could represent a safe and effective choice. At present, there are no studies evaluating the contemporary association between tocilizumab and denosumab: retrospective analysis of patients who had received denosumab before infection and who underwent tocilizumab therapy could provide information about this. Vitamin D deficiency should be sought in all patients, and vitamin D supplementation could be helpful for positive influence on the immune system and bone metabolism. In the near future, every effort should be made to investigate the fracture risk in patients who have recovered from SARS-CoV-2 infection, both females and also males.
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